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Abstract 

Purpose: Unresectable chest wall recurrences of breast cancer (CWR) in heavily pretreated 
patients are especially difficult to treat. We hypothesised that thermally enhanced drug delivery 
using low temperature liposomal doxorubicin (LTLD), given with mild local hyperthermia 
(MLHT), will be safe and effective in this population. 

Patients and methods: This paper combines the results of two similarly designed phase I trials. 
Eligible CWR patients had progressed on the chest wall after prior hormone therapy, 
chemotherapy, and radiotherapy. Patients were to get six cycles of LTLD every 21-35 days, 
followed immediately by chest wall MLHT for 1 hour at 40-42 °C. In the first trial 18 subjects 
received LTLD at 20, 30, or 40mg/m 2 ; in the second trial, 11 subjects received LTLD at 40 or 
50mg/m 2 . 

Results: The median age of all 29 patients enrolled was 57 years. Thirteen patients (45%) had 
distant metastases on enrolment. Patients had received a median dose of 256mg/m 2 of prior 
anthracyclines and a median dose of 61 Gy of prior radiation. The median number of study 
treatments that subjects completed was four. The maximum tolerated dose was 50mg/m 2 , 
with seven subjects (24%) developing reversible grade 3-4 neutropenia and four (14%) 
reversible grade 3-4 leucopenia. The rate of overall local response was 48% (14/29, 95% CI: 
30-66%), with, five patients (17%) achieving complete local responses and nine patients (31%) 
having partial local responses. 

Conclusion: LTLD at 50mg/m 2 and MLHT is safe. This combined therapy produces objective 
responses in heavily pretreated CWR patients. Future work should test thermally enhanced 
LTLD delivery in a less advanced patient population. 
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Introduction 

Women with unresectable chest wall recurrence (CWR) 
of breast cancer are challenging patients to treat. Many 
have been irradiated previously. They often receive 
doxorubicin, as it has considerable efficacy and is the 



most frequently used systemic agent for breast cancer 
[1—4]. When patients' treatments fail following prior 
radiation and anthracycline therapy, clinicians face a 
dilemma as to what systemic agents and/or treatment 
modalities to use. 
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Here we describe the combination of mild hyperthermia 
with a thermally sensitive doxorubicin containing liposome 
for patients with chest wall recurrences of breast cancer. The 
logic for this combination is multifold: 1) Low temperature 
sensitive liposomal formulations of doxorubicin (LTLD) 
have been engineered to rapidly release high concentrations 
of drug when exposed to temperatures ranging from 39.5° to 
42.0 °C [5-7]. These liposomes exhibit enhanced drug 
delivery to tumour tissue as a result of intravascular release 
[8]. 2) Hyperthermia partially reverses drug resistance to 
doxorubicin [9,10] and increases perfusion, which should 
enhance drug delivery [11]. 3) There is a strong clinical 
indication for increasing the local control rate in patients 
with CWR. Morbidities associated with local recurrence of 
breast cancer on the chest wall include pain, ulceration, 
odour, bleeding, lymphoedema and the psychological distress 
of having visible local disease [12]. Therapeutic options 
for patients with chest wall recurrence are limited. Local 
therapies such as re-irradiation with hyperthermia can achieve 
control in some patients [13]. Although many patients with 
chest wall recurrences present with metastatic disease, a 
proportion can achieve durable local control and alleviation 
of symptoms [13]. 

The objectives of this study were 1) to identify the 
maximum tolerated dose (MTD) of LTLD, (ThermoDox®) in 
the setting of local regionally recurrent disease in a heavily 
pretreated population, 2) to analyse pharmacokinetics (PK) 
when combined with local hyperthermia in multiple cycle 
dosing, and 3) to provide initial assessment of anti-tumour 
activity. LTLD has been studied in phase I trials in 
hepatocellular carcinoma [14]. The MTD was found to be 
50mg/m 2 , after two dose-limiting toxicities were seen at a 
dose of 60mg/m 2 (grade 3 ALT increase, and grade 4 
neutropenia). 

Patients and methods 

Two similarly designed phase I trials were undertaken. Trial 
A was an investigator-sponsored trial at Duke University 
Medical Center which ran from May 2006 to January 2010 
and treated 18 patients. One other patient discontinued 
without completing cycle 1 due to a grade 2 hypersensitivity 
reaction to LTLD that resolved without sequelae (described in 
detail in the Results section). Trial B was a multi-center phase 
I trial sponsored by Celsion, conducted from April 2009 to 
March 2011. Eleven subjects were treated. Both studies were 
approved by the institutional review board. Investigators 
obtained informed consent from each participant. 

Patient selection 

For both trials all women had histologically documented 
recurrent/metastatic adenocarcinoma of the breast, <3 cm 
thick, to allow adequate heating. Patients with distant 
metastatic disease and/or inflammatory disease were allowed. 
All had to have progressed after at least one course of 
hormonal therapy, provided their tumour was oestrogen (ER) 
or progesterone (PR) positive. All patients had to have also 
received prior radiotherapy to their chest wall or breast either 
in the adjuvant or metastatic setting; no radiotherapy was to 
be administered to the area of recurrence within 14 days prior 



to enrolment. Patients had to have had systemic chemotherapy 
for recurrent disease (>1 regimen in Trial A, >2 regimens in 
Trial B). All women had to be > 18 years of age, not pregnant, 
able to provide consent, and have a Zubrod performance 
status of 0-1. Haematological indices had to be within normal 
limits and baseline MUGA/echocardiogram assessed left 
ventricular ejection fraction (LVEF) must have been >50%. 
Previous doxorubicin and epirubicin must not have exceeded 
450mg/m 2 and 900mg/m 2 , respectively. This limit is based 
on the dose equivalency for cardiotoxicity being 2:1 for 
doxorubicin to epirubicin. 

Study design 

Both phase I clinical trials were standard '3 + 3' dose 
finding studies. Each patient was continued on the same 
dose level that they started on. The only time dose escalated 
was when the prior level was found to be safe in a previous 
cohort. Then the entire next cohort of patients started and 
stayed at the next higher level dose increment. Prior to each 
treatment cycle, subjects received a 24-h prophylactic 
premedication regime designed to reduce immediate hyper- 
sensitivity reactions. Patients were to receive six cycles of 
LTLD every 21-35 days, followed immediately by local 
hyperthermia to the chest wall. In Trial A, the initial dose 
level was 20mg/m 2 and sequential dose levels were to be 
30, 40, 50, and 60mg/irT, given intravenously over 30min. 
In Trial B, the two dose levels were 40 and 50mg/m 2 ; if no 
more than one of six patients had a dose-limiting toxicity 
(DLT) at 50mg/m 2 , then that dose level would be the MTD. 
LTLD was not planned to exceed the established MTD of 
50mg/m 2 dose level. 

All patients were premedicated with a standardised 
regimen including dexamethasone, diphenhydramine and an 
antacid. The prophylactic regimen followed the standard 
doxorubicin package insert. Dexamethasone 10 mg per os 
twice a day x three doses (the third dose was the morning of 
treatment). Approximately 1 h prior to the administration 
of the study drug, 500 mL of normal saline was infused 
intravenously \(IV). Approximately 30min prior to the 
administration of the study drug, all of the patients received 
dexamethasone, diphenhydramine, and ranitidine. 

Hyperthermia treatments were to be given within 
30-60 min after completion of the LTLD infusion, using 
FDA-approved microwave or ultrasound superficial hyper- 
thermia devices able to cover the target volume with a 
maximum of two hyperthermia fields. We used 915 MHz 
microwave applicators, with the BSD 500 (Salt Lake City, 
UT) commercial hyperthermia system. The applicator sizes 
available for use were a 19 x 10 cm, 15x8 cm, and a circular 
6 cm applicator. An area of 16 x 8 cm falls within the 25% 
iso-SAR (specific absorption rate) for the largest applicator. 
The hyperthermia dose goal was to maintain 40.0-42.0 °C in 
greater than 90% of measured points for approximately 
60 min duration. Maximum allowable temperatures in normal 
and tumour tissues were 44.0 °C and 45.0 °C, respectively. 

Toxicities were assessed using the US National Cancer 
Institute Common Terminology Criteria for Adverse Events, 
v3.0. To be evaluable for MTD, patients must have completed 
the first day of cycle 3 (days 1^-3) or withdrawn due to a 
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DLT. Haematological DLTs included >grade 4 thrombocyto- 
penia, febrile neutropenia, or grade 4 neutropenia >5 days in 
duration (>7 days in Trial B); in Trial B, >grade 4 anaemia 
was also a DLT. Non-hematological DLTs included >grade 3 
toxicities (except alopecia, nausea, and vomiting); in Trial B, 
>grade 3 fatigue was not a DLT. 

Patient evaluation 

The primary end point was to ascertain the MTD. Secondary 
end points included characterising the safety and pharmaco- 
kinetic profile of LTLD in multiple cycle dosing and 
computing the local objective response rate. 

All subjects were assessed for safety with treatment- 
emergent adverse events (AEs), MUGA scans or echocardio- 
grams (each patient had the same test done on all occasions), 
physical exams, vital signs, and laboratory measurements 
(including clinical chemistry, haematology, and urinalysis). 
Subjects were evaluated for efficacy at baseline, at cycles 3 
and 5, and TA-M. days after cycle 6. Measurement of lesions 
in the hyperthermia treatment field was by clinical assess- 
ment. CT scans were used to assess any disease outside the 
hyperthermia treatment field. Objective responses were 
graded according to RECIST criteria [15]. 

For the patients with recurrent chest wall disease there are 
limited imaging techniques that can assist clinicians in 
deciding the course of therapy and in evaluating the 
effectiveness of chemotherapeutic agents. In Trial A, digital 
infrared imaging (DII) was tested for its ability to estimate 
response and/or progression inside and outside the heated 
fields. Patients were imaged in a temperature controlled room 
with a digital infrared camera (IRSnapShot®, Fluke, Everett, 
WA) at baseline, prior to cycles 3, 5, and post-cycle 6. 
Regions of interest (ROI) were selected around the heated 
target lesions (TL) and non-heated target lesions (nTL) 
defined by the treating physician. The DII images were 
analysed using thresholding and basic averaging statistical 
tools. The average and maximum temperatures in each ROI 
were recorded for baseline and for each subsequent post- 
treatment image. 

In Trial A, PK blood specimens were drawn in cycles 1 and 
2 at approximately 0, 0.25, 0.5 (end of infusion), 0.75, 1.0, 
1.25, 2, 3, 4, 6, 24 and 48 h and on days 4 and 8. We measured 
levels of doxorubicin and doxorubicinol, the latter being an 
active metabolite implicated in the cardiotoxicity of doxo- 
rubicin [16]. Urine specimens were collected before the start 
of the infusion and at approximately 2, 4, and 24 h and on 
days 4 and 8. In Trial B, PK was assessed during the first two 
cycles of study drug administration by drawing four blood 
samples (4 mL each) at specified time intervals of 30 ± 2 min 
(i.e. at the end of the infusion) and at 5 ±0.5h, 10 ± 1 h, and 
24 ± 1 h following the start of the infusion. Total urinary 
output was collected throughout the same 24-h period. 

Thermal dosimetry was summarised as the tenth percentile 
of the temperature distribution of all sensors, or 1 90, meaning 
the temperature that is exceeded by 90% of all measurements 
(using fibreoptic thermometers) for each treatment [17]. 

Two-tailed exact non-parametric tests are used for dose- 
response analysis and for comparing the two trials in 
demographics, treatments, and outcomes. 
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Results 

Patient demographic and baseline characteristics 

Patients in the two trials were similar on all 1 1 demographic 
and pretreatment characteristics except that Trial A subjects 
had fewer total prior treatments (Table 1, p — 0.0133) and a 
shorter time from CWR to first LTLD treatment (p = 0.0046). 

Median age in the two trials was 57.4 years. Most subjects 
(55.2%) were triple negative and 44.8% had distant metastases 
at baseline. Patients recurred at a median of 7.4 months prior 
to their first study treatment. 

Subjects in both trials were heavily pretreated. The mean 
and median prior anthracycline exposures were 304. 1 mg/m 2 
and 256.5 mg/m 2 , respectively; the minimum total dose was 
80.0 mg/m 2 while the maximum was 570.0 mg/m 2 . The mean 
and median prior radiation exposures were 64.49 Gy and 
61 Gy respectively; the minimum total dose was 19.80 Gy 
while the maximum was 168.10Gy. 

Study treatment 

Both trials were similar in number of study treatments 
completed and in thermal doses (Table 2). Subjects completed 
a median of four study treatments. The thermal dose goal was 
to reach a temperature between 40° and 42 °C in greater than 
90% of measured points (T 90 ) for approximately 60 min 
duration. A total of 165 hyperthermia fields were treated. 
Of these 165 hyperthermia treatment fields, 58 (35.2%) had a 
T 90 of less than 40.0 °C and the other 107 (64.8%) had a T 90 
between 40.0° and 42.9 °C. The minimum T 90 was 36.0 °C 
and the maximum T 90 was 42.6 °C. Of all 165 treatment 
fields, 33 (20%) had a T 90 below 39.5 °C, the minimum 
temperature needed to release doxorubicin from LTLD. 
Eleven (37.9%) of 29 subjects had at least one treatment 
field with a T 90 below 39.5 °C. 

Dose escalation and MTD 

Thirteen subjects were evaluable for MTD in Trial A and 10 
in Trial B. In Trial A, dose escalation continued to the 40 mg/ 
m 2 dose level, at which time Trial B initiated at 40 mg/m 2 
prior to reaching a MTD. In Trial A, one patient experienced a 
grade 2 hypersensitivity reaction that included a drug-related 
fever at 30 mg/m 2 ; this was considered a DLT. Two of seven 
subjects at 40 mg/m 2 experienced a DLT (grade 4 neutropenia 
lasting >5 days and grade 3 dehydration requiring hospital- 
isation for support for 27 days). In Trial B, one of six patients 
at the 50 mg/m 2 dose level had a DLT (grade 3 hypokalaemia 
unrelated to study treatment), so the MTD was 50 mg/m 2 . 
Five of the six non-evaluable patients withdrew due to 
progression of disease during the first two treatment cycles 
and one for an unrelated adverse event. 

Safety 

Grade 4 toxicity was only observed in three (10.3%) patients 
with neutropenia and two (6.9%) with a neutrophil count 
decrease (Table 3). Grade 3 toxicity included six patients 
(20.7%) with a neutrophil count decrease, five (17.2%) with 
neutropenia, four (13.8%) with leucopenia, and three (10.3%) 
with a white blood cell count decrease. All myelotoxicities 
were reversible. All other grade 3 toxicities consisted of a 
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Table 1. Summary of baseline characteristics. 
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Characteristic 




ComDineu {ly = Zy) 


Ti-Inl \ ( AT 1 Q\ 

inai A (,/v — its) 


inai d (/V — 1 1 ) 


p Value 


Age (years) 










0.1042 1 


Mean 




57.8 


59.1 


55.6 




Standard deviation 




8.2 


9.7 


4.7 




Minimum 




42 


42 


49.2 




Median 




57.4 


60.5 


54.8 




Maximum 




75 


75 


66.8 




Oestrogen receptor (ER) status (%) 










1.0000 2 


Negative 




19 (65.5) 


12 (66.7) 


7 (63.6) 




Positive 




9 (31.0) 


5 (27.8) 


4 (36.4) 




Not assessed/unknown 




1 (3.4) 


1 (5.6) 


0 (0.0) 




Progesterone receptor (PR) status (%) 










0.6525 2 


Negative 




22 (75.9) 


14 (77.8) 


8 (72.7) 




Positive 




6 (20.7) 


3 (16.7) 


3 (27.3) 




Not assessed/unknown 




1 (3.4) 


1 (5.6) 


0 (0.0) 




HER2 status (%) 










0.1535 2 


Negative 




21 (72.4) 


15 (83.3) 


6 (54.5) 




Positive 




6 (20.7% 


2 (11.1) 


4 (36.4) 




Not assessed/unknown 




2 (6.9) 


1 (5.6) 


1 (9.1) 




Triple negative for ER, PR, and HER2 (n, %) 








0.1212 2 


No 




12 (41.4) 


5 (27.8) 


7 (63.6) 




Yes 




16 (55.2) 


12 (66.7) 


4 (36.4) 




Not assessed/unknown 




1 (3.4) 


1 (5.6) 


0 (0.0) 




Distant metastases at baseline (%) 










0.2490 2 


No 




16 (55.2) 


8 (44.4) 


8 (72.7) 




Yes 




3 (44.8) 


10 (55.6) 


3 (27.3) 




Time from initial diagnosis to chest wall 


recurrence (years) 








0.2515 1 


Mean 




4.1 


3.8 


4.6 




Standard deviation 




3.7 


4.2 


3.1 




Minimum 




0.5 


0.5 


0.7 




Median 




2.6 


1.6 


3.1 




Maximum 




12.5 


12.5 


10.4 




Time from chest wall recurrence to first 


study treatment (months) 








0.0046 1 


Mean 




13.7 


5.0 


27.9 




Standard deviation 




24.9 


5.4 


36.5 




Minimum 




0.0 


0.0 


0.2 




Median 




7.4 


2.4 


13.5 




Maximum 




125.4 


17.6 


125.4 




Total number of prior treatments for breast cancer (%) 








0.0133 1 


1 




2 (6.9) 


2 (11.1) 


0 (0.0) 




2 




6 (20.7) 


5 (27.8) 


1 (9.1) 




3 




10 (34.5) 


7 (8.9) 


3 (27.3) 




4 




7 (24.1) 


3 (16.7) 


4 (36.4) 




5 




1 (3.4) 


1 (5.6) 


0 (0.0) 




6 




2 (6.9) 


0 (0.0) 


2 (18.2) 




12 




1 (3.4) 


0 (0.0) 


1 (9.1) 




Prior anthracycline exposure (mg/m 2 ) 










0.7233 1 


Mean 




304.1 


307. 1 4 


299.2 3 




Standard deviation 




115.4 


101.5 4 


140.7 3 




Minimum 




80 


222 4 


80.0 3 




Median 




256.5 


275 4 


251.5 3 




Maximum 




570 


570 4 


555.0 3 




Prior radiation exposure (cGy) 










0.7913 1 


Mean 




6449 


6100 


7021 




Standard deviation 




2455 


812.2 


3895 




Minimum 




1980 


4500 


1980 




Median 




6100 


6110 


6040 




Maximum 




16810 


7380 


16810 





Exact Wilcoxon-Mann- Whitney test, two-tailed. 
2 Fisher's exact test, two-tailed. 

3 Excludes one subject who reportedly received a single anthracycline treatment of unknown dose. 
4 Excludes one subject each whose prior anthracycline dose was reported as unknown and as not assessed. 



single case of each of the following: anaemia, lymphopenia, 
thrombocytopenia, dehydration, axillary pain, fatigue, cellu- 
litis, third degree burn adjacent to a silicone implant (Trial B), 
activated partial thromboplastin time-prolonged, haemoglobin 
decreased, hypokalaemia, back pain, musculoskeletal chest 
pain, musculoskeletal pain, and lymphoedema. Two subjects, 



both in Trial B, experienced first degree thermal burns that 
were managed conservatively and healed. 

There were no clinically significant cardiac toxicities; 
however, in Trial B, one asymptomatic decline in LVEF from 
55% to 45% was recorded after six LTLD treatments and a 
prior anthracycline exposure of 240 mg/m 2 . In addition, there 
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Table 2. Summary of study treatment. 



Characteristic 



Combined Trial A Trial B 
(N=29) (N=1S) (N=ll) p Value 



Total number of study treatments (%) 0.7004 

1 1 (3.4) 1 (5.5) 0 (0.0) 

2 8 (27.6) 5 (27.8) 3 (27.3) 

3 4 (13.8) 1 (5.5) 3 (27.3) 

4 5 (17.2) 3 (16.7) 2 (18.2) 

5 1 (3.4) 1 (5.5) 0 (0.0) 

6 10 (34.5) 7 (38.9) 3 (27.3) 

Combined Trial A Trial B 

(JV=165) (V=112) (JV=53) p Value 

T 90 for each hyperthermia treatment field (%) 0.4853 2 

<40.0°C 58 (35.2) 37 (33.0) 21 (39.6) 

40.0°^12.9 o C 107 (64.8) 75 (67.0) 32 (60.4) 

>43.0°C 0(0.0) 0(0.0) 0(0.0) 



Exact Wilcoxon-Mann-Whitney test, two-tailed. 
2 Fisher's exact test, two-tailed. 



Table 3. Combined summary of grade 3^1 adverse events. (Subjects are 
counted only once within each system-organ class and preferred term, at 
the highest severity grade experienced. /V= 29.). 





Grade 3 


Grade 4 


Grade 3^ 


System-organ class/preferred term 


n (%) 


»(%) 


total n (%) 


Blood and lymphatic system 


1 (3.4) 


0 (0.0) 


1 (3.4) 


disorders 








Anaemia 


4 (13.8) 


0 (0.0) 


4 (13.8) 


Leukopenia 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Lymphopenia 


5 (17.2) 


3 (10.3) 


8 (27.6) 


Neutropenia 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Thrombocytopenia 








General disorders and administration site conditions 




Axillary pain 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Fatigue 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Infections and infestations 








Cellulitis 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Injury, poisoning, and procedural complications 






Burns third degree 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Investigations 








Activated partial thromboplastin 


1 (3.4) 


0 (0.0) 


1 (3.4) 


time-prolonged 








Haemoglobin decreased 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Neutrophil count decreased 


6 (20.7) 


2 (6.9) 


8 (27.6) 


White blood cell count decreased 


3 (10.3) 


0 (0.0) 


3 (10.3) 


Metabolism and nutrition disorders 








Dehydration 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Hypokalemia 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Musculoskeletal and connective tissue disorders 






Back pain 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Musculoskeletal chest pain 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Musculoskeletal pain 


1 (3.4) 


0 (0.0) 


1 (3.4) 


Vascular disorders 








Lymphoedema 


1 (3.4) 


0 (0.0) 


1 (3.4) 



were no cases of hand-foot syndrome, which has been 
reported with the use of non-temperature-sensitive liposomal 
doxorubicin [18]. 

Pharmacokinetics: Trial A 

Plasma concentrations of doxorubicin achieved their max- 
imum at the end of the 30-min infusion and subsequently 
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declined rapidly (Figure 1). As expected, plasma concentra- 
tion of doxorubicin increased with each subsequent dose level 
(Table 4). The near superimposition of curves for cycles 1 and 
2 demonstrate that there was no accumulation of drug 
between cycles. The average plasma clearance of doxorubicin 
was 1.3 L/min/m 2 , but there was considerable heterogeneity 
among patients. The average terminal plasma half-life for all 
patients was 35.15 min, but ranged from 9.26 to 45.27 min. 
There was no statistically significant difference between these 
variables among the various dose cohorts. 

Pharmacokinetics: Trial B 

For Trial B sparse sampling results include the mean C max of 
doxorubicin ranged from 19 800 to 25 400ng/mL in the 40 to 
the 50 mg/m 2 dose range and between cycles. The mean C max 
of doxorubicinol ranged from 19.6 to 21.9ng/mL in the 40- 
50 mg/m 2 dose range and between cycles. Both doxorubicin 
and doxorubicinol exhibit linear (dose-independent) pharma- 
cokinetics following a single dose in the 40-50 mg/m 2 dose 
range. The within-subject variability in doxorubicin and 
doxorubicinol exposure was small between each administra- 
tion cycle with mean cycle 2 vs cycle 1 ratios ranging from 
0.99 to 1.06. 

Efficacy 

The local objective tumour response was similar in the two 
trials (Table 5, 6 and Supplementary Tables 1-3). When 
combined, five (17.2%) complete local responses and nine 
(31%) partial local responses were seen. The rate of local 
response in these heavily pretreated patients was 48.3% (14/ 
29, 95% CI: 30.1-66.5%). No dose-response relationship was 
observed (p = 0.4991). Figure 2 depicts response during 
therapy in one subject. 

In Trial A, time to local progression (TTLP) and overall 
survival were additional end points (Supplementary Tables 2 
and 3). There was a modest dose-response trend for TTLP, 
but it was not statistically significant. 

In Trial B, 'quality of life' (QoL) was also an end point. 
LTLD and approved hyperthermia therapy resulted in clinic- 
ally significant (>8 point) improvements in patient self- 
assessed QoL on the FACT-B scale. Six of 11 subjects 
(54.5%, 95% CI: 25.1-83.9) had a clinically significant QoL 
improvement. 

Discussion 

LTLD was tolerated well by our heavily pretreated patients 
with four DLTs observed between two trials. Grade 3-4 
neutropenia occurred in eight patients (27.6%) and was 
afebrile in all patients. Severe neutropenia and leucopenia can 
occur with doxorubicin. Such myelotoxicity was to be 
expected with anthracycline therapy. There were no dose- 
limiting cardiac toxicities seen in our patients and there were 
no symptomatic LVEF decreases seen on serial echo/MUGA 
imaging. This is similar to the cardiotoxicity profile com- 
monly seen with non-temperature-sensitive liposomal doxo- 
rubicin, with very few cases of heart failure, and if any cardiac 
morbidity is seen it is often asymptomatic declines in LVEF 
[18-24]. Two Trial B subjects experienced thermal burns, one 
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Figure 1. Pharmacokinetic profiles for cycles 1 and 2 at each dose level for doxorubicin and its cardiotoxic metabolite, doxorubicinol. The half-life of 
the drug was the same for cycle 1 and cycle 2 and was not dependent upon doxorubicin dose. 



grade 2 with possible radiation recall and one grade 3 event 
in a subject with a silicone breast implant. Mild to severe 
thermal injury is reported as a known side effect of 
hyperthermia [25,26], 

While not the primary end point of the trials, the combined 
local response rate of 48% is quite impressive. However, the 
median time to local progression in Trial A was not long (4.9 
months) and might be lengthened with technical improve- 
ments in delivery of hyperthermia and by treating future 
patients at the 50 mg/m 2 MTD. 

Twenty per cent of all treatment fields had a T90 below 
39.5 °C, the minimum temperature needed to release doxo- 
rubicin from LTLD. Eleven (37.9%) of 29 subjects had at 
least one treatment field with a T 90 below 39.5 °C. However, 
the local objective response rate of these 11 subjects was 
similar to that for the other 18 subjects (55% and 44% 
respectively, p = 0.7104). Higher temperatures throughout the 
tumour region would normally be expected to increase drug 
delivery. The maximal release rate of the commercial drug 
occurs at 41.3 °C. At temperatures > 43 °C, it remained 
elevated above baseline, but below peak [27]. The perform- 
ance of the commercial drug was the same as the original 



formulation [6]. Thus, a modest improvement in minimum 
tumour temperatures without significantly increasing the 
maximum temperatures should prove useful. Moreover, it 
has been predicted mathematically and shown that maximal 
drug delivery with this drug formulation occurs when the 
drug is administered during heating, as opposed to heating 
after drug administration [28,29]. 

In these phase I studies, drug was administered before 
heating for practical and logistical reasons. It was not possible 
to perform drug infusion where the heating device was 
located. Unfortunately, due to the differences in time from 
when each patient received their infusion and subsequent 
heating, it was not possible to make meaningful interpretation 
of the heterogeneous pharmacokinetic values. Technical 
advances that would permit heating during chemotherapy 
administration could achieve as much as a two-fold increase 
in drug delivery [28]. Doxorubicin has a terminal half-life 
reported in the 20-48-h range, a non-temperature-sensitive 
liposomal formulation of doxorubicin (Doxil®) has a half-life 
of approximately 55 h, whereas LTLD has a half-life consid- 
erably shorter, in the order of 35 min, regardless of dose. For 
LTLD, drug delivery could be substantially increased by 
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Table 5. Efficacy: Local objective response. 



ijOCal UUJCC11VC 


V^UlllUlllCU. 


Trial A 


Trial B 


response 


N=29 (%) 


N= 18 (%) 


7V= 11 (%) 


Stable/progressive 


15 (51.7) 


9 (50.0) 


6 (54.5) 


Partial 


9 (31.0) 


5 (27.8) 


4 (36.4) 


Complete 


5 (17.2) 


4 (22.2) 


1 (9.1) 



Local objective response in the two trials is not significantly different: 
p = 0.63 17 by exact Wilcoxon-Mann-Whitney test, two-tailed. 



Table 6. Efficacy: Local objective response rates in the combined trials. 



Local objective response 


Number rate (N=29) 


95% CI 


Total (partial + complete) 


14 (48.3) 


30.1-66.5 


Partial 


9 (31.0) 


14.2-47.8 


Complete 


5 (17.2) 


3.5-30.9 



heating during drug administration, one might be able to 
maximise the therapeutic benefit. Gasselhuber has considered 
these factors theoretically to demonstrate the influence of 
pharmacokinetics, release kinetics and rate of extravasation of 
drug on drug accumulation in the heated volume. Such 
models could be used in the design of future trials [30]. 

This trial included many patients with disease that 
extended beyond the outer perimeter of the applicators 
available with the current microwave hyperthermia system. 
In order to improve average temperatures and corresponding 
thermal doses, large conformal water boluses were custom 
fitted to many patients with water-skin interface temperatures 
as high as 45° C for cases with only superficial disease 
(< 1 cm deep), in order to extend high temperatures out to the 
margins of disease. Larger microwave applicators that can 
conform to contoured patient anatomy and adjust the heating 
pattern to accommodate irregularly shaped diffuse disease 
would be expected to raise thermal dose and minimum 
tumour temperatures substantially compared to the centrally 
peaked heating patterns of rectangular box-shaped waveguide 
antennas used in this study. 

Needham et al. have shown that drug release occurs at 
40° C although maximal drug release rates occur nearer to 
41.3°C, which is the transition temperature for this liposome 
[6]. Of all 165 treatment fields, 33 (20%) had a T 90 below 
39.5 °C, the minimum temperature needed to release doxo- 
rubicin from LTLD. Thus, moving to larger conformal array 
microwave applicators that can effectively heat much larger 
areas of contoured anatomy above the required threshold 
temperature for drug release should significantly improve 
drug delivery to large area locoregional disease. Such 
applicators are becoming available for clinical use. 

Prolonging time to local progression may also be possible 
with the addition of concurrent radiotherapy to LTLD. 
Radiotherapy plus hyperthermia can provide local control of 
superficial tumours [25]; in recurrent disease, previously 
irradiated patients may benefit most [26]. Treating with 
concurrent doxorubicin and radiotherapy has largely been 
abandoned due to the potent radiosensitisation and resultant 
morbidities seen with it in the past. However, there may be 
significant concerns with soft tissue and bone injury along 
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Figure 2. Evaluation of treatment course for a patient who achieved a complete response. (A) Photo of thermometry placement, and (B) position of the 
18 x 10cm applicator over the lesion. This lesion was treated in a single field using this applicator. The 25% isoSAR line encompassed the tumour 
region. (C) Appearance of the involved region prior to initiation of treatment. The margins of the tumour are easily seen by the red colour against the 
normal skin. (D) Appearance of the tumour area prior to cycle 3. The patient had achieved a partial response by this time point. (E) Thermographic 
camera image of chest well shows temperature distribution on the surface of the tumour region, prior to therapy. (F) Thermographic image of the chest 
wall prior to cycle 4 shows reduced surface temperature compared with baseline. (G) Thermographic images of the chest wall prior to cycle 5. By this 
time, the temperature of the involved region had reduced by 1 °C. This was most likely the result of reduced perfusion and metabolism, associated with 
tumour regression. This patient went on to achieve a complete response (not shown). 



with potential cardiac toxicity in the setting of left side CWR. 
But with careful planning and execution, safe administration 
may be possible. One possible solution is to use a 
thermobrachytherapy surface applicator to deliver a confor- 
mal radiation dose with restricted depth of penetration in 
combination with superficial heating and LTLD to localise 
treatment to the chest wall [31-34]. 

Unfortunately, as is the case with many women who 
experience CWR, distant metastases are frequent and the 
majority of patients die of their disease. Trial A's median 
TTLP of 4.9 months and OS of 9.0 months highlight the often 
poor prognosis of these patients; in Trial B, the subjects had 
had even more prior treatment. One might also consider heat 
sensitive liposomal formulations of other agents that might 
also be combined with local radiotherapy. Over half (55.2%) 
of our patients had triple negative CWRs, and there is ongoing 



interest in using PARP inhibitors in this cohort [35]; the 
delivery of these agents might be enhanced with temperature- 
sensitive liposomal formulations. 

Conclusion 

Over half of the subjects had been diagnosed with a breast 
cancer recurrence at the chest wall more than 6 months 
(median 7.4 months, mean 13.7 months) prior to their first 
study treatment and 44.8% had distant metastases at baseline. 
Despite the encouraging rate of local response, seven of 29 
subjects (24.1%) progressed outside the study treatment field. 
We were able to achieve local control in nearly half the 
patients as a salvage therapy with LTLD/hyperthermia 
treatment and it is reasonable to expect better results in a 
population with less advanced disease. 
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This thermally enhanced therapy is safe and produces 
objective responses in heavily pretreated CWR patients. It 
should be tested in a less advanced population. 
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